The growth of pathogens is dictated by their interactions with the host environment 1 . Obligate intracellular pathogens undergo several cellular decisions as they progress through their life cycles inside host cells 2 . We have studied this process for microsporidian species in the genus Nematocida as they grew and developed inside their co-evolved animal host, Caenorhabditis elegans [3] [4] [5] . We found that microsporidia can restructure multicellular host tissues into a single contiguous multinucleate cell. In particular, we found that all three Nematocida species we studied were able to spread across the cells of C. elegans tissues before forming spores, with two species causing syncytial formation in the intestine and one species causing syncytial formation in the muscle. We also found that the decision to switch from replication to differentiation in Nematocida parisii was altered by the density of infection, suggesting that environmental cues influence the dynamics of the pathogen life cycle. These findings show how microsporidia can maximize the use of host space for growth and that environmental cues in the host can regulate a developmental switch in the pathogen.
Intracellular pathogens are a diverse category of microbes that can use the space and resources of their host organisms for replication 2 . After invasion of a single host cell, it is beneficial for intracellular pathogens to spread to other cells to maximize the use of host space for replication before exiting and spreading to new hosts. Several mechanisms have been described to aid dissemination by pathogens. For example, both bacteria and viruses have been shown to use host actin to move between host cells by inducing the uptake of a microbe-containing host cell protrusion into a neighbouring cell, thereby avoiding contact with the extracellular space during dissemination 6 . Other pathogens avoid the extracellular space by coordinating the fusion of infected host cells with neighbouring uninfected host cells to form syncytia 7, 8 . These studies highlight growth strategies that can be used by intracellular pathogens to expand their access to host space in vitro, although pathogen dissemination can involve alternative mechanisms in vivo 9 . In vivo studies are particularly important for studying infection by eukaryotic pathogens, which have especially complex growth dynamics, often involving various stages of differentiation that can take place in several specific host environments 10 .
Microsporidia are eukaryotic obligate intracellular pathogens that form a phylum of more than 1,400 fungal-related species that can infect animals ranging from single-celled ciliates to humans 11 . Little is known about the progression that a single microsporidia cell takes as it grows within a single host cell of an intact animal to complete its life cycle 12 . Several species of microsporidia in the genus Nematocida have been isolated from wild-caught Caenorhabditis nematodes around the world 3, 5, 13 . Nematocida species appear to have a life cycle similar to those of other microsporidian species. After spore-mediated invasion of host cells, Nematocida cells replicate in multinucleate structures called meronts and then differentiate into spores to exit the host cell and propagate infection [3] [4] [5] 14 . The transparency and invariant cellular topology of Caenorhabditis elegans together with a collection of their natural microsporidian pathogens provides a powerful system for studying how microsporidia have evolved to grow in a whole-animal host 15 .
To characterize the in vivo growth dynamics of microsporidia inside an animal, we generated populations of synchronized Nematocida parisii infections consisting of a single parasite cell in a single C. elegans intestinal cell and tracked the parasite life cycle over time. We pulse-inoculated C. elegans with N. parisii spores to obtain infected populations where most animals were either uninfected, or infected with a single microsporidian cell ( Supplementary  Table 1 ). To visualize infection, we fixed a fraction of the population at various hours post-inoculation (h.p.i.) and stained them using a fluorescence in situ hybridization (FISH) probe that targets the N. parisii small subunit rRNA. At 3 h.p.i. we found that N. parisii cells are small and irregularly shaped, with a single nucleus ( Fig. 1a ). N. parisii cells with two nuclei were not observed until 18 h.p.i. (Fig. 1b) , indicating that replication only occurs after a significant lag time post-infection. By 36 h.p.i., N. parisii had grown to spread across several host intestinal cells ( Fig. 1c ). No spores had formed at this time, indicating that N. parisii was able to grow across the lateral cell boundaries of neighbouring intestinal cells before differentiating into spores, which were previously thought to be the only transmissible stage of infection. New spores were first observed at 52 h.p.i., and by this time N. parisii had grown to fill a large fraction of the intestine (Fig. 1d,e ). We quantified the growth in size of single microsporidia cell infections and found that N. parisii grew to take up more than half the space of the entire intestine by the time new spores were formed (Fig. 1f ).
The growth of single N. parisii cells across the host intestine indicated that the boundaries between neighbouring host cells might be restructured during infection. To visualize host cell boundaries during single microsporidia cell infections, we infected transgenic animals expressing an intestinal GFP-tagged version of LET-413, a highly conserved protein that localizes to the basolateral membrane of polarized cells 16 . We observed deformation of intestinal cell boundaries as N. parisii grew laterally ( Fig. 2a ). Imaging live transgenic animals at this stage of infection demonstrated that N. parisii can appose an intact intestinal cell boundary and then grow across that boundary coincident with localized loss of lateral LET-413 ( Fig. 2b ,c, and Supplementary Video 1). We quantified this growth and found that by 27 h.p.i. N. parisii infections had spread into one neighbouring host cell on average, and by the time of sporulation the parasite had spread into 12 of the 20 total host intestinal cells on average ( Supplementary Fig. 1 ).
These results indicate that N. parisii spreads across cell boundaries during growth, leading to the question of whether neighbouring intestinal cells join together to share cytoplasmic space. To address this question we generated transgenic animals that express the green-to-red photoconvertible fluorescent Dendra protein in the cytoplasm of their intestinal cells. After infecting these animals, we photoconverted Dendra in a single cell from green to red and then recorded the diffusion of the red signal. When Dendra was photoconverted in uninfected cells within an infected animal that was infected elsewhere, we found that the red signal remained restricted to the cell in which it was converted ( Fig. 2d and Supplementary Fig. 2) , indicating that the cell boundaries were intact. In contrast, when Dendra was photoconverted in an infected cell, we found that the red signal diffused across all neighbouring cells where infection was present ( Fig. 2e and Supplementary Fig. 2 ). These data show that N. parisii is able to spread across the boundaries of neighbouring host cells and in so doing causes intestinal cells to join together into syncytia. Thus, we show that a eukaryotic pathogen causes what appear to be abnormal cell fusion events in the host to allow for intercellular spread.
As in other animals, cell fusion is essential for normal development in C. elegans and is carefully regulated by specific fusogens 17 . The abnormal fusion of intestinal cells caused by N. parisii infection could result from exploitation of host fusogens. To test this possibility, we infected two C. elegans fusion mutants: epithelial fusion failure (eff-1) mutants and anchor cell fusion failure (aff-1) mutants. We observed N. parisii spreading in both mutant strains (60/60 infections analysed per condition), demonstrating that these fusogens are not required for infection-induced intestinal cell fusion ( Supplementary Fig. 3 ). Next, we investigated whether microsporidian infection-induced fusion of host cells is a conserved growth strategy by characterizing the growth of two other Nematocida species, N. sp. 1 and N. displodere. Like N. parisii, N. sp. 1 only invades and replicates in the intestine of C. elegans, while N. displodere invades and replicates within several tissues 3, 5 . All three species of Nematocida appear to invade from the intestinal lumen, and N. displodere is thought to directly invade non-intestinal tissues from the lumen because it has a longer infection apparatus than N. parisii 5 . To determine whether these other Nematocida species cause host-tissue syncytia formation, we performed single-cell infections ( Supplementary  Table 1 ) and quantified pathogen spread. First, we analysed infections in the intestine and found that both N. parisii and N. sp. 1 always spread across several host intestinal cells by the time of spore formation (76 h.p.i.), but N. displodere was usually restricted to a single intestinal cell by the time of spore formation (120 h.p.i.) (Fig. 3a-c and Supplementary Fig. 4 ). We next analysed spread in the muscle. Unlike skeletal and somatic muscle cells in other animals, the 95 body wall muscle cells of C. elegans do not fuse into syncytia during normal development 18 . However, we observed that single-cell N. displodere infections induced syncytia formation and grew across many host muscle cells before forming spores, while N. parisii and N. sp. 1 did not invade or replicate in the muscle (0/60 animals analysed) ( Fig. 3d and Supplementary  Fig. 4 ). Furthermore, we observed four cases of single N. displodere cell infections that appeared to have spread out of the large hypodermal syncytium of C. elegans (hyp7) and into the anterior epidermal cells (Supplemental Fig. 5 ) 19 . These data demonstrate that, at least among natural pathogens of nematodes, intercellular spread through host-cell syncytia formation is a conserved growth strategy for microsporidia determined by species-and tissuespecific interactions.
Although both N. parisii and N. sp. 1 grow in the intestine of C. elegans, we found that single N. sp. 1 cells spread into more host intestinal cells on average than single N. parisii cells by the time of spore formation ( Supplementary Fig. 4 ). This observation indicated that there could be differences in the growth dynamics between species. To compare the dynamics of intestinal pathogen growth between species of microsporidia, we infected animals with single N. parisii or N. sp. 1 cells and measured their growth rates and spore formation over time. Infections by both species grew from a single nucleated cell within an animal to approximately 50,000 nuclei during the life cycle ( Fig. 4a) . Interestingly, N. sp. 1 grew slightly faster and formed spores much earlier than N. parisii. The average doubling times during the exponential stages of growth (18-48 h.p.i.) for N. parisii and N. sp. 1 were 2.4 h and 2.1 h, respectively. In addition to completing its life cycle more rapidly, N. sp. 1 infection had a much stronger negative effect on host fitness than N. parisii infection. Single N. parisii cell infections only slightly reduced the host growth compared to uninfected animals, while single N. sp. 1 cell infections drastically reduced host growth (Fig. 4b) . Furthermore, N. parisii infection decreased host egg production at 60 h.p.i. compared to uninfected animals, while N. sp. 1 infection essentially eliminated host egg production ( Fig. 4c) . These observations reveal that related microsporidia species can have distinct growth dynamics in the same niche and can differentially exploit the host space with varied effects on host fitness.
We noticed that infection by N. sp. 1 caused animals to be smaller than with infection by N. parisii (Fig. 4b) , and hypothesized that differences in host size might influence the timing of the decision to form new spores. To test this possibility, we infected body size mutants with single N. parisii cells and compared spore formation timing to wild-type animals. sma-6 and lon-1 mutations occur in members of the transforming growth factor beta signalling pathway that lead to shorter or longer animals, respectively 20, 21 . Despite the greater length of lon-1 animals, we found that both the sma-6 and lon-1 mutant strains were smaller in total area than wild-type animals (Fig. 4d ). Interestingly, we found that single pathogen cell infections in these small mutant animals formed spores earlier than wild-type animals (Fig. 4e ). These differences could result from a decrease in the time it takes for N. parisii to fill the host intestine, potentially providing a density-dependent cue to transition into the spore formation stage. We tested for the influence of infection density on the timing of spore formation by increasing the initial number of infections per animal, which would increase the rate at which N. parisii fills the host tissue. Consistent with our hypothesis, we found that more spores formed when the initial number of infections per animal was increased (Fig. 4f ). Importantly, we found that the growth rate of N. parisii was similar in hosts of different sizes and with differing numbers of initial infections, demonstrating that infection density affects the timing of spore differentiation, but does not affect the lag phase or rate of replication ( Supplementary Fig. 6 ). Thus, host Box-and-whisker plots include 95% of the data from measurements of 50 animals per condition, and dots represent the remaining 5%. Significance was tested by one-way analysis of variance. P values were generated with Tukey's multiple comparisons test: ***P ≤ 0.001; ****P ≤ 0.0001. NS, not significant.
size and infection density appear to influence the timing of a switch from replication to differentiation into spores for microsporidia. In this Letter, we have followed the progression of synchronized infections initiated by a single microsporidia cell in a single host cell of an intact animal from invasion until the final stage of the life cycle. The most surprising observation is that Nematocida species spread between host cells by fusing them together into syncytia, with species-and tissue-specific patterns. It remains possible that either host-and/or pathogen-encoded fusogens mediate true cellcell fusion, or alternatively Nematocida may spread to span several neighbouring C. elegans cells by breaking down their lateral membranes instead of fusing the two lipid bilayers. Previous studies have shown that the intestinal cell integrity of C. elegans is maintained even at later stages of infection, indicating that cell-to-cell spread of N. parisii does not compromise the overall integrity of the intestinal organ 22, 23 . Further studies on the molecular and structural changes involved in the Nematocida-C. elegans interactions we described here will contribute to our understanding of how two separate cells can be joined together. Previous studies on infections of both vertebrates and invertebrates reported that microsporidia cause the formation of syncytia in host tissues [24] [25] [26] . These syncytia can occur in structures called xenomas, which are described as hypertrophic host cells that increase in size and the number of nuclei 27 . Some microsporidia-induced syncytia may therefore result from nuclear replication without host cell division rather than through fusion of neighbouring host cells, but together with the evidence we present here it appears that the induction of host cell fusion is a widely shared strategy for intercellular spread among diverse species of microsporidia.
Our experiments lead us to speculate that the cue for transitioning from replication to spore formation in microsporidia may be related to the sensing of host resource availability and/or the sensing of self, both of which are related to the density of infection. There is precedent for eukaryotic organisms making developmental decisions based on density, which is exemplified by several fungal species that undergo developmental switches in response to high density and nutrient availability 28 . As has been shown for many other developmental switches in pathogens 29 , the specific factors that regulate transitions in the microsporidia life cycle probably involve responses made by both host and pathogen to changes in their shared metabolic pool. Our finding that microsporidia can grow across a substantial portion of the cells comprising an entire animal organ before differentiating opens up a new set of questions regarding the dynamic inputs that intracellular pathogens interpret from the host environment to optimize growth and transmission.
Methods
C. elegans and Nematocida strains. C. elegans strains were maintained on nematode growth medium (NGM) seeded with Escherichia coli OP50-1 (a streptomycinresistant OP50 strain) as previously described 30 . For simplicity, this strain is referred to as OP50 throughout. To obtain starved and synchronized L1 larvae, gravid adults were bleached to isolate eggs, which were then allowed to hatch overnight at 20°C (ref. 31 ). The C. elegans wild-type N2, small mutant CB1482 sma-6(e1482), long mutant CB185 lon-1(e185) and intestinal GFP transgenic SJ4144 zcIs18 [ ges-1p::GFP (cyt)] strains were obtained from the Caenorhabditis Genetics Center. ERT351 was derived from SJ4144 by backcrossing to N2 eight times. Transgenic animals with intestinal expression of GFP-labelled LET-413 were generated by injection of pET213 [vha-6p::GFP::let-413] and a myo-2::mCherry co-injection marker to generate a multi-copy array strain. This strain was treated with ultraviolet psoralen at 700 µJ to generate the integrated ERT147 jyIs21[vha-6p::GFP::let-413, myo-2:: mCherry] strain. A cytoplasmic intestinal photoconvertible fluorescent protein construct pET207 was generated using three-part Gateway recombination by fusing the intestinal-specific vha-6 promoter to Dendra 32 with the unc-54 3′UTR. This construct was injected into N2 animals, and transgenic progeny were recovered to generate a multi-copy array strain ERT113 jyEx46[vha-6p::dendra::unc-54 3′UTR]. Infection experiments were performed with Nematocida parisii strain ERTm1, Nematocida sp. 1 strain ERTm2 and Nematocida displodere strain JUm2807 (refs 3-5). Spores were prepared and quantified as described previously 22 .
Single microsporidia cell infections. Synchronized first-larval stage (L1) animals were inoculated with OP50 and a series of spore dilutions on NGM plates at 20°C. These animals were collected two and a half hours after plating, washed three times with PBS containing 0.1% Tween 20 to remove spores, and re-plated with OP50 at 20°C. A fraction of the population was fixed at this time with 4% paraformaldehyde (PFA) for 30 min then stained by FISH with the Nematocida ribosomal RNAspecific MicroB probe 3 conjugated to a red Cal Fluor 610 dye (Biosearch Technologies). The number of infectious events per animal was quantified in 50 animals per dosage after mounting samples on agarose pads with VECTASHIELD mounting medium containing DAPI (Vector Labs) and imaging using a Zeiss AxioImager M1 upright fluorescent microscope with a ×40 oil immersion objective. A limiting dilution of Nematocida spores was tested to identify a concentration in which more than 83% of infected animals contained only a single microsporidia cell. The spore dosage that had this characteristic typically yielded a Poisson distribution of infection in which an average of 72% of the population was uninfected and 28% infected. Infection distributions were measured for all experiments to ensure that the vast majority of infected animals contained a single microsporidia cell (Supplementary Table 1 ).
Measuring microsporidia growth by microscopy. The ERT351 strain was infected at the L1 stage at a dosage following the parameters described above for single microsporidia cell infections. Animals were fixed at various times post-inoculation in 4% PFA for FISH staining and microscopy-based analysis of growth. Samples were mounted on 5% agarose pads and imaged using a ×40 oil immersion objective or a ×10 objective on a Zeiss LSM700 confocal microscope run by ZEN2010 software. Z-stacks were acquired of the entire intestinal space with a z-spacing of 1 µm (at ×400) or 6 µm (at ×100), collecting GFP signal (expressed in cytoplasm of intestine) and RFP signal (microsporidia signal stained by FISH). Analysis of these images was performed with Fiji software 33 . Briefly, the brightest slice was used to threshold GFP and RFP to binary signals. The three-dimensional objects counter function was used to measure voxels after converting signals, which were used to quantify the volume of intestine (GFP) and pathogen (RFP) in ten animals per time point. The percentage of intestinal volume taken up by pathogen was calculated by dividing RFP voxels by the sum of RFP and GFP voxels.
Analysis of microsporidia growth across host intestinal cells. ERT147 animals were infected with a single microsporidia cell. These animals were imaged at various times post-inoculation either after being fixed and stained as described above or as live animals using a ×40 oil immersion objective on a Zeiss LSM700 confocal microscope run by ZEN2010 software. For live imaging, infected ERT147 animals were mounted on 5% agarose pads with microsphere beads and imaged with a ×63 oil-immersion objective for 120 cycles at 1.58 µs pixel dwell time for 5 min. GFP was excited with a 488 nm laser at 2.1% power, and light was collected with the pinhole set to 44 µm. Quantifying the growth of microsporidia across intestinal cell boundaries was performed after fixing ERT147 animals and staining by FISH, as described above. To measure the diffusion of cytoplasm in intestinal cells, ERT113 animals were infected at the L1 stage and imaged live 48 h post-inoculation with a ×40 oil-immersion objective. A 488 nm laser at 0.5% power was used to excite green Dendra proteins, and a 555 nm laser at 14% power was used to excite red Dendra proteins. Light was collected with a pinhole size of 42 µm and a 3.15 µs pixel dwell time. Dendra proteins were converted in a 4-µm-diameter space with a 405 nm laser at 35% power with a pixel dwell time of 50 µs. Infected cells could be distinguished from uninfected cells based on exclusion of fluorescent signal. To quantify the diffusion of converted signal, the mean red signal was measured in a 15 µm 2 area within the targeted cell or outside the targeted cell (at a distance of greater than 30 µm from the targeted cell) before and 2 min after conversion.
Comparing Nematocida growth across different host tissues. Transgenic animals expressing GFP in the cytoplasm and nuclei of intestinal or muscle cells were infected with single N. parisii, N. sp. 1, or N. displodere cells at 15°C and fixed at the time of spore formation. These experiments were performed at the lower temperature of 15°C (compared to the 20°C used in other infection experiments) to facilitate the growth of N. displodere. For the intestinal-GFP strain ERT413 jySi21 [spp-5p::GFP; cb-unc-119(+)] II 5 , 1,000 synchronized L1 larvae were grown at 20°C for 48 h to the young adult stage before being inoculated with 3.7 × 10 5 N. parisii spores, 3. N. displodere) , animals were fixed for FISH with or without DY96 (10 µg ml -1 ) staining to stain infection and spores. DY96 stains chitin, which is a component of the spore wall 35 . N. displodere FISH was performed as described previously 5 . All analysis and imaging was conducted on a Zeiss LSM700 confocal microscope with a ×40 oil-immersion objective. The numbers of GFP + host cell nuclei abutted by pathogen in a three-dimensional stack of confocal images were counted to quantify the number of host cells into which infection had spread by the time of sporulation.
Measuring microsporidia growth by qPCR. The N2 strain was infected at the L1 stage at a dosage following the parameters described above for single microsporidia cell infections. Animals were fixed at various times post-inoculation in Extracta (Quanta Biosciences) to isolate DNA for qPCR-based analysis of growth. Microsporidia copy number was quantified with iQ SYBR Green Supermix (Bio-Rad) on a CFX Connect Real-time PCR Detection System (Bio-Rad). We measured the relative abundance of Nematocida and C. elegans DNA in 30 ng of DNA with the following primer sets: Np_rDNAF1: aaaaggcaccaggttgattc, Np_rDNAR1: agctctctgacgcttccttc, Ce_snb-F1: ccggataagaccatcttgacg, Ce_snb-R1: gacgacttcatcaacctgagc. Microsporidia copy number was measured by normalizing to samples infected by single microsporidia cells at early stages of growth when only a single nucleus is observed. We validated the qPCR measurements of microsporidia copy number by using a microscopy-based method of manually counting the average number of microsporidia nuclei per infection during growth from a single nucleus to 100 nuclei. Copy number measurement discrepancies between qPCR and manual count analyses were within 11%. Primer efficiencies were measured, and fold difference was calculated using the Livak comparative Ct method (2 −ΔΔCt ).
Measuring animal size, egg number and microsporidia spores. Animals were fixed and stained by FISH as described above, then imaged using a Zeiss AxioImager M1 upright fluorescent microscope with a ×40 oil immersion objective. Fifty animals per condition were manually outlined with Fiji software to calculate size (in µm 2 ). The numbers of eggs per animal were measured at 60 h.p.i. by adding DY96 (4 ng ml -1 with 0.1% SDS) to FISH-stained samples for 30 min before imaging. DY96 stains chitin, which is a component of the eggshell. The 60 h.p.i. time point was chosen because it is when uninfected animals first consistently contain eggs. Eggs were counted in 50 animals per condition. Microsporidia spores also contain chitin, and were stained with DY96. Spore clusters per infected animal in a total of 50 animals per condition were counted. Each cluster of spores contained approximately 50 spores. Spore clusters (which we define as regions within meronts that contain approximately 30 spores with bright chitin staining) were counted at 52 h.p.i., which is the time at which single microsporidia cell infections begin to differentiate into spores in N2 animals as described above.
